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ABSTRACT 

Tho invostigation presents the analysis of boundary 
layer flow past the circulesr cylintior rarunted on a flat plate. 
The flow patterns obtained by paint impression in water flume 
have been related to the pressure distribution obtained in 
the wind tunnel. It is observed that the first separation 
point on the plate upstream of cylinder occurs around 

0 

^ *5 at 6 =0 . Hie average separation angle on the 

sui'face of cylinder varies from 75^ to 90° depending upon 
flov/ conditions. An ihorease of average separation angle is 
observed with the increase of Froude number and Reynolds 
number of flow, 'The intense-pressure distribution inside 
the separation zone on the plate is observed. Hie presence 
of three major vortioes on the plate 'at the front of cylinder 
is postulated from the pressure distributions and flov/ paint 
impressions. 'Hie strength of horso-shoe vortices has also 
been relaled to the pressure distribution on the plate, 'Hie 
vortex centres behind the cylinder are observea near the 
corner. The average upstrejim longitudinal vorticity is 
linearly related to the p/irameter -r- —1 , Hie drag 

characteristics of cylinder have also been investigated. 
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IMODUCTION AMD LIOISRATURB REVIEW 

1 .1 Introduction; 

Gases of three-dimensional flow, where different 
shaped bodies are connected to one another, and the associated 
local flow separation, are of common occurrence in engineering 
practice » for example, the flow around bridge piers. Many 
investigations have been made on surface pressure distribution, 
the drag and the wake of a two-dimensional circular cylinder 
normal to a uniform stream. However, there have been few 
investigations on flow past a circular cylinder of finite 
length placed normal to the horizontal plane, Erom the 
engineering design point of view, the study of . mechanics 

of flow around such bodies has its own value. Eor example, 
scour around bridge piers and abutments is one of the common 
problems, S 9 paration of flow which generates high strength 
vortices inside the separating region on the plane surface, 
is the main cause of local scour around bridge piers. Other 
engineering exanples which are affected by this type of flow 
are telegraph pole, smoke stack, oil tank and cylindrical 
building which are all supported on the ground plane. 
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Bae investigations on surface pressure distributions 

and drag for the flow past a circular cylinder mounted on 

the plate can be related to estimate the air drag of a telegraph 

pole or a smoke stack because the centre cross-section or 

the plane of symmetry of the finite circular cylinder may be 

supposed to be the ground surface. The study of the flow 

pattern especially inside the separating zone is useful 

in understanding the mechanism of local scour occuring 

around bridge piers. Prom this point of view, the present 

investigation is carried out to obtain detailed data on 

the surface pressure distributions, the drag-coefficient 

and flow pattern inside the separating region for the 

boundary layer flow past a circular cylinder mounted 

normal to the flat plate, Belik (1 ), Okamoto and 

Yagita (9 )5 and Okamoto (10) are some of the investigators 

who have carried out experimental study in this field, • 

■Lateral vortex in the incoming boundary layer 
wraps around the circular cylinder, IHiis vortex is concen- 
trated near the corner of plate and cylinder. The strength 
of vortex in the separation region must be related to the 
upstream lateral . vortex, and geometry of the cylinder 

' .V, ' ' ■ , ' 

(model),, Here an attempt to establish the relation between 
the lateral. ' vortex and vortei near the corner, hab been 
made. Also an attempt has been made to assess the effect 


/ 
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of boundary layer depth on the vortex characteristics. 

1.2 Relevant Literature Review: 

The dominant feature of the flow near a pier (cylinder) 
is the large scale eddy structure or the system of vortices, 
which develop about the pier. Depending on the type of 
pier and flow conditions, the eddy structure can be composed 
of the horse-shoe vortex system and the wake vortex system. 
These vortex systems are the basic mechanism of local scour, 
which has long been recognised by investigators like Tison 
(1 940),Keuthner (1932), Posey (1949), laursen and Toch (1.956), 
Roper and others (1 967 ). Tne study of horse vortex near the 
cylinder acting as pier has started recently. '> m' the 
investigators, who contributed towards this study are Belik, 
(I973),0kamoto and Yagita (1973) and Okamoto (1978), 

Belik, 1973 ( 1 ) Carried out an experimental study 

of the vortex systems generated in the region where an 
incompressible flow with spanwise varying velocity moves 
about a circular cylinder mounted on a flat plate. He related 
the horse-shoe vortex generated at the front of the cylinder 
with the dimensionless similarity numbers describing the 
flow, Okamoto and Yagita, 1973 ( 9 ) carried out an 
experimental investigation of the flow past a circular 
cylinder of finite length mounted on the plane surface in 
a uniform stream. They investigated the effect of H/D ratio 



(aspect ratio) on the flow characteristics around the 
cylinder. Okamoto, 1981 (lO) carried out the same type 
of investigation of the flow behind hemisphere cylinder 
placed on the ground plane. He compared the results of 
a hemisphere cylinder with those for a sphere and a circular 
cylinder of aspect ratio one, A semi -theoretical analysis 
of open channel flow past circular cylinders was carried 
out by Rana (l5 )« He interrelated the afflux, the drag 
forces on the cylinders and the energy loss in such flow 
problems, Pillai (l 2) conducted an experimental investigation 
of free-surface flow past circular cylinders at different 
blockages. He investigated the drag characteristics of 
cylinders, the _ afflux and the energy loss associated with 
the flow past circular cylinders in open-channels having 
smooth as well as rough beds, 

Bifferent characteristics of flow associated with 
the flow past a circular cylinder mounted on the plate are 
reviewed briefly in the followiiag sections. 


1.2.1 Pressure Distributions ; 

( ■^ ) On the Surfac e of Cylinder ; 


The pressure-distribution for ideal fluid flow, around 
the two dimensional circular cylinder is given as 




P-P^ 


.? u2 


(1-4 sm e) 


1 

2 


(1 *1 ) 





Kius 


= 1 at 0 = 0 


7U 


2Tt 


dp = -3 at 9 = V2 , 3|- 

But, for the boundary layer real fluid flow, around 
the cylinder mounted on a flat plate the pressure distribu- 
tion is governed by mechanism of three dimensional flow and 
by the local flow separation. In general, the pressure- 
recovery at 0 = 0 takes place within the boundary layer 
along the height of cylinder. Some of the investigators 
have carried out experimental study of pressure distributions 
on the surface of cylinder for such cases, Okamoto and 
Yagita ( 9 ) also studied the effect of H/D ratio (aspect 
ratio) on the surface pressure distribution, !Ilie surface 
pressure, the local drag coefficient and the mean drag 
coefficient change greatly with the aspect ratio between 
H/d = 6 and 7. Sankoranaraytma (12) concluded from his 
investigation in open channels that the magnitude of maximum 
Gp, is generally less than the true stagnation pressure and 

the minimum value of Gp occurs between 0 = 70*^ to 90°. 

(b) Pressure Distribution on the Plate ; 

The pressure distribution in two dimensional potential 


flow on the plate is given as (1 ) 
„ _ 2Gos(20) _ J 


( 1 . 2 ) 


(r/R)^ 

I coeffl 

cylinder, r is the radial distance measured from the centre 


where G is the pressure coefficient, R is the radius of 

» • . ir , , ■ ■ " 


of cylinder at angle 0 from the direction of flow. 


r 

From the above equation, for 0 = 0, at — = 1 

R 

(at corner), Op = 1.0 and the pressure distribution 
follows a smooth curve. But due to occurrence of separation 
and vortices on the plate, the distribution does not follow 
a smooth curve, but fluctuations, in distribution of pressures 
are generally observed. 

1.2.2 Drag Ghar act eristics : 

(a) G-eneral ; 

Tbe component of force in the direction of flow 
exerted by the fluid on the submerged object is called 
the drag force (Fjj). Ibere are two t3^es of drag namely: 

Surface or friction drag ; In the boundary layer zone, 
even for the fluids of low viscosity, on account of large 
velocity gradient, considerable shearing stresses are caused. 
These shearing stresses exert a tangential force on the 
object, which is known as surface or friction drag. The 
development of boundary layer is, therefore, one of the ways 
in which viscosity of the fluid exerts drfig on the objects. 

(b) Fcc.m or pressure drag: ‘ The effect of separation of 
flow on the obstruction is the cause of form or pressure 
drag. With the separation of flow, the flow pattern is 
considerably modified and hence the pressure distribution 

is changed. On the down-stream side of the body, on account 
of separation, a region of low pressure is developed, which is 
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known as 'wake'. Since on the upstream side of the body 
the pressure is considerably high, there exists a pressure 
difference between the upstream and downstream sides. 'The 
pressure difference so created results in a force acting 
on the body, which is knovm as form or pressure drag, 

Ihus, total drag = friction drag + form drag. 

Ihe total drag force (Pj^) is expressed as 

°D • 

i. > 

where is drag coefficient, A is the projected area of 
the body, is the density of fluid and Uq is the free- 
stream velocity, Por the present analysis of drag-charac- 
teristics, the form drag has been used since friction drag 
is very small. 


(S) Ib?ag Characteristics of Two Dimensional Cylinder; 

The drag coefficient (C^) of two-dimensional circular 

cylinder held in the free-stream varies with Reynolds number 
UoI> V 

(Reu = — ) . The drag coefficient decreases with increase 

of Reynolds number and reaches a minimum value of about 0,95 
at Rqjj^2000 and then there is a slight rise to 1,2 for 
Rei^;:;; 3x10'^. Bie reason for this rise in the value of Oq is 
the increasing turbulence in the wake and also the widening 
of the wake due to the separation points gradually advancing 
upstream. At Rq^~2x 10^, the boundary layer which was upto 


now J.aminar, becomes turbulent before separation and therefore 

there is a drop in the value of (^from 1,20 to about 0.3. 

However, with a further increase in the value of Gq 

increases gradually from 0,3 to about 0,7 over the approximate 
5 6 

range of 5x10 < R^j, < 3x10 . Hiereafter since viscous 

effects are relatively small, it is probable that is 
practically independent of R^j)* 

( 0 ) Local Drag Goefficient; 

For the cylinder held in the boundary layer flow, 
the drag coefficient varies along its height, Okomoto and 
Yagita ( 9 ) showed that the local drag coefficient C-q has 
the maximum value in the neighbourhood of the free end of 
the cylinder. They also studied the variation of local 
drag coefficient Oj) along the height of cylinder for 
different H/D (aspect) ratios, Rana (15 ) found that the 
local drag coefficient of the cylinders -in open channel 
flow shows litt3.e variation with depth for s/h _> 0,30 • 

At lower values of z/h, the loqal drag coefficient is 
dependent on the elevation from the bed apart from blockage 
and flow parameters ( h is average depth of unifom flow and 
z is the distance from the channel bed), -Mas ch and Moore (7 ) 
conducted an experimental study of the drag on circular 
cylinders in velocity gradient flow and found that, a large 
velocity gradient results in pronounced variation of local 
drag coefficient over the height* 
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Average Drag Goefficlent C ^) : 

Okamoto and Yagita showed the variation of the 
average drag coefficient Ojj with aspect ratio H/D. Rana (15) 
concluded that the average drag coefficient over the height 
is dependent on Reynolds number, blockage ratio, Rroude 
number and h/D. - 

1.2,3 Effect of Blockage ; 


Since the present investigation is conducted in 
the wind-tunnel, therefore, a review of effect of blockage 
on the pressures and drag-coefficients is necessary. Several 


investigators have studied the effect of blockage on the 
drag coefficient of circular cylinder. Ramamurthy and Rg(l4) 
have studied experimentally in a wind tunnel the effect of 
blockage on drag coefficient of smooth circular cylinders 
placedin uniform flow in subcritical range of Reynolds 
numbers ( < 10^). In particular, the drag, the magnitude 
of the base pressure and minimum pressure-coefficients 
increase v/ith increasing blockage. Raju and Singh (1%) 


suggested on empirical relation in the form of a power law 
as follows : 


'Do 


'D 


(1 - 


D 

F 


n 


(1.4) 


whore is drag coefficient corrected for blockage ratio 
D/B, Oq is uncorcectod drag coefficient, Ihe value of 



I \J 


exponent 'n’ depends on body shape, Rana (15) arrived at 
the following exponential relationship ; 

%>o "" % ^ ^ ^■'•5) 

1.2.4 Sepsiration Characteristics: 

(a) G-eneral ; 

The classical concept of flow separation is due to 
viscosity; therefore it is often expressed as ’boundary 
layer flow separation'. In addition, a necessary condition 
for flow separation is the adverse pressure gradient, Dae 
classical concept of flow separation is valid for two- 
dimensional and axisymmctric flow. In three-dimensional 
flow, separation can occur with no reverse flow and zero 
friction, therefore a more generalized and new approach 
is needed to describe and define three-dimensional flow 
separation. The approach for the three-dimensional flow 
separation has been given by many investigators, Eichelrenner 
and Oudart ( 2 ) proposed that the criteripn of sepjiration 
in three dimensional flo'w should be set-up on the condition 
that the line of separation must be an envelop of the’ surface 
stream lines in the solid surface. The surface-stream lines 
are defined as flow direction of particles infinitesimally 
close to the wall. The present investigation is affected 
by the three dimensional flow separation. 
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) Separation on the Surface of Cylinder ; 

■z q 

In a range of Reynolds numbers of 10 - 10 , the 

flow separation is of laminar nature but the wake is 
turbulent. 'Jlie location of laminar separation point in 

0 Q 

a two-dimensional cylinder is at 6 = 80-85 • At large 

jT 

Reynolds numbers (larger than 10^) the flow in the boundary 
layer becomes turbulent and the separation point moves 
down-stream and locates at about 110°. Bie wake-region 
reduces grea.tly in comparison with the laminar separation. 

The reason for the shifting of separation point further 
downstream in the turbulent flow is the vigorous -momentum 
exchange of turbulence taking place. Because of such an 
exchange, the turbulent flow is more capable of resisting 
a,dverse pressure gradient and friction, and flow separates 
further downstream compared to the laminar flow. Okamoto 
and Yagita (9) investigated that the separation point of 
the finite cylinder moves forward with a decreasing H/D 
(aspect ratio) except in the neighborhood of the free 
end. 

(O) Separation on the Plate ; 

Due to presence of an obstruction to the flow, pressure 
on the plate at the front of obstruction is built up. This 



building up of pressure, causes the flow to separate on 

the plate around the obstruction, Sarohia and Young (18 ) 

showed in their investigation that the first peak in the 

pressure distribution on the plate at 6 = 0 occured at 

or little ahead of the first separation line, Belik ( 1 ), 

on the basis of experimental evidence, concluded that for 

both laminar and turbulent flow the separation region can 

be characterised by a single similarity number- the vortex 

fourier number or the Reynolds number based on boundary 

layer thickness. Ilhe limit streamlines forming an 'envelop'., 

i.e, the primary line of separation, upstream of cylinder 

can well be approximated by a circle within a range of 

—60*^ < 9 < 60°, which is not always concentric with the 

cylinder. In their studies of the laminar boundary layer 

on a flat wall, Peak and G-alway (1 ) found the primary 

separation line to be circular for -80° < 0 < 80°. Okamoto(lO), 

in his visualisation experiments in water, showed that the 

X ^ 

separation line on the plate was located at ^^1,6 upstream 
of the centre of cylinder. 

1.2.5 Vortices ; 

Cortices on the Plate : 

Kie way that viscous ground plane flows can enter 
into and establish a vortex core is shown in Figs. 1.1 (a), 

1.1(h) ( 3 ). Siese show the roll-up of boundary layer 





0m 






t-/ & ,pm vortex ahead of an obstmde inmmsed in a boundary layer 
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ahead of an axisymmetric obstacle that is immersed deep 
in boundary layer flow. The incoming boundary layer is 
forced to separate ahead of the obstacle and divide as 
it passes around the object. This leads to the generation 
of one or more vortices ahead of the object and wrapped 
around it. Thus the vortices generated inside the separation 
region on the plate at the front of obstruction are called 
horse-shoe' vortices. Sarohia and Young (18) found that 
separated flow involved two main reverse flow vortices, 
and two small vortices of opposite sign to the main ones, 
one between the main ones and the other deep in junction, 
Belik determined the position and size of the vortex core 
from the measurements of static pressure on the flat wall 
in the separation region. He showed that the horse-shoe 
vortex core was shaped like a concentric circle and its 
position was around r/R 1.43 from the centre of cylinder, 

(R is the radius of cylinder), 

(B) Effect of 'Horse-shoe ' Vortices : 

The core-wise flow in the 'horse-shoe ' vortices 
generated in the separation region on the plate in front 
of the cylinder is very strong and their structures are 
remarkably stable. In fact, it is this very characteristic 
that can have important consequences on obstacles such as 
bridge piers subject to strong tidal influences. The footing 
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of the pier becomes steadily eroded by the vortex flow 
and the pier may eventually become loosened, Thus, these 
vortices cause the local scour around bridge piers; as a 
result of it, the stability of piers is affected. 

Vortices on the Surface of Oylinddr : 

Okamoto ( 10 ) investigated the existence of '^ch' 
vortices, generated behind the separation line on the 
surface of cylinder. 'Bie arch-vortices are shed downstream 
and are gradually inclined by a strong down-wash behind 
the cylinder, until they almost touch the ground plate. 

He also showed that there were two areas in which the 
pressure was lowest on the groimd plate. It is within 
these two areas that the roots of the arch vortices are 
attached to the ground plate. It is expected that the 
'arch' vortex rotates about these attachment points and 
is then gradually inclined. Okamoto and Yagita showed 
that shedding of these vortices from the cylinder oc cured 
at a height of around Z/3^4-»0. 

1 * 5 Present Investigation; 

The present investigation consists of the visualisation 
of flow in the water flume and analysis of boundary layer flow 
past the circular cylinder mounted oh a flat plate. Analysis 
part has been conducted in the wind tunnel. Analysis of flow 



consists of determining pressure distributions on the 
plate and surface of the cylinder, drag and vortices 
characteristics. Ihe flow patterns obtained in the water 
flume have been related to the flow analysis conducted 
in the wind tunnel. Here an attempt to relate longitudinal 
vortex in U/S boundary layer flow and the vortex near the 
junction has also been made. Efforts have also been made 
to relate the vortices generated in the separation region 
on the plate to the pressure distribution on the plate. 

The boundary layer thickness has been varied from 
0,47 D to 2,2 D and its effect on the vortex characteristics 
has also been investigated. The Reynolds number (RqU^ 

5 

kept around 0.6 x 10 * 
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BXPERrMBNTAL METHOBS 

The experimenls for the present investigation are 
conducted in wind tunnel and water flume. Description of 
experimental setups, details of the model, measurement 
of the pressures and velocity profiles, and visualisation 
techniques are presented in the following section. 

2,1 Details of the Wind Tunnel ; 

The open-circuit wind tunnel with closed test section 
has been used for the measurement of pressure around the 
model and upstream flow velocities. Wind tunnel consists 
of a honeycomb, which is located at one end of the wind 
tunnel through which air enters into the test section. 

Just parallel to the honeycomb, there are. five scrsaus of 
size 1,25 m x 1,25 m. After this there is the contraction 

and then the test section of cross-section 0.4m x 0,4m'. 

/ 

starts, and the total length of test section is 4.0 m. At 
the end of the test section, there is gradual expansion 
from a square test section to a circular section of diameter 
1 ,0 m in a length of 3.0 m. At this end an exhaust fan of 
1,0 m diameter is fitted which sucks air through the test 
section, Th.e- exhaust fan is operated by a motor of 3.7 KWy 
5 hp and 960 rpm. The motor is connected to a supply of 
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400 volts through, a voltage stabiliser ensuring constant 
speed. 


At the end of the test section, an arrangement 
with a pair of adjustable gates is provided to control the 
velocity of air through the test section. The gates can 
be opened to allow the outside air to enter the tunnel, 
thus reducing the velocity of air in the test section. 


Six different free stream velocities in the range 

/ Js&&, 

varying from 6.0 m to 20.0 m were used corresponding to 
the different gate openings. Olie piezometric tappings 
are provided on the side of the test section for the static 
pressure measurements. A slot of 1 2 mm width is made in 
the roof of the test section, for the operation of pitot tube 
in the velocity profile measurements, A layout of the wind 
tunnel is shown in Fig, 2.1, Figure 2,2 shows the photograph 
of the experimental setup in the wind tunnel with its 
accessories. 


2.2 Details of the Water Flume: 


For the visualisation techniques, in the present 
investigation, the rectangifLar water flume of 15 cm width 
and 3.0 m length has been used. The system of flow straight 
ners are located at the upstream end of the flume. The 
water is pumped by a motor through venturimetered pipe 
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which enters into the test section via flow straightners 
for maintaining more or less constant depth of flow* 

To control the velocity and depth of flow keeping 
discharge constant, a drilled alumiinium plate of 0.15x0.30 m 

section is used at the downstream end. The discharge is 

( 

controled by sluice valve fitted in the supply pipe. The 

,A 

flime body is resting on the lever at the centre and is 
simply supported at the upstream end. The downstream end 
was cantilevered, which has been made simply supported to 
remove the defect of bending by self load of flume and 
the live load of water. The point gauge has been used 
for measuring the depth of flow which can move along the 
flume length. The test station for the flow visualisation 
has been chosen at 2,00 m downstream from the inlet, A 
layout of the water flume used is shown in Mg. 2.5* 

2.3 Details of the Model; 

An aluminium pipe of 5^0 cm diameter and 30 cm 
height (acting as cylinder) mounted on a circular aluminium 
plate of diameter of about 25 cm has been used for the present 
investigation in the wind tunnel. This combination is kept 
on the wooden boards kept at 5 cm above bottom of the wind 
tunnel acting as a bed, Bae test plate has 19 tappings 
from the corner of cylinder to the edge of the plate. These 
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holes are equally spaced in one line having spacing of 
5 mm c/c (equal to 0,1 D) each. Similarly the cylinder 
also has 22 holes along its height. Ihe first 10 holes 
from the bottom are spaced at 5 mm each c/c , next 5 at 
10 mm each c/c and last 7 at 20 mm each c/c, Ihese holes 
are connected to the tubes to measiire the pressures. The 
cylinder along with the bottom plate can be rotated at any 
angle on the wooden board, 

'The spacing of pressiire holes on the bottom plate 
and Elong the height of cylinder used in wind tunnel is 
summarised below; 

Bottom plate : Total number of holes - 19 

Spacing - 5 mm each 

c/c(0.1D) 

Cylinder ; Total nimiber of holes - 22 

Spacing (first 10 ) •- 5 ,mm each 

c/c(0.1]}) 

(next 5 ) - 10 mm each 

c/c (0. 2D) 

(last 7 ) . - 20 mm each 

c/c(0.4D) 

Bigure 2,4 shows details of the model used in wind tunnel. 

The model used in the visualisation technique 
consists of a pipe actiiig as a cylinder of 2,5 cm diameter 
and 14*5 can height attached to a rectangular aluminium plate 
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of width, equal to the water flume, as described before. 

2.4 Measurement of Pressures and Velocity Profiles : 

The pressure tubes coming from the pressure tappings 
on the plate and cylinder are connected to a set of vertical 
manometers having water* Pressures in terms of depth of 
water in cm can be read from these manometers. The tunnel 
pressure is used as a reference pressure. Tunnel pressure 
has been measured at a distance of 80 cm upstream from 
centre of the model. The pressures have been measured at 
each 10*^ interval from the direction of incoming flow by 
rotating the model on the wooden board. 

The total head tube,, having 0,9 mm outside diameter 
and 5.0 cm length, is used for the measurement of total 
pressure to determine the velocity profiles.. This total 
head tube is attached to the traversing mechanism which can 
move in the vertical direction with 0.05 mm least count. 

The total head probe and static pressure tap hole on the 
side of the test section are connected to the different 
manometer calibrated in inches of water. The velocity 
profiles have been measured at a distance of 2,5 Pj 5.0 P, 

10 D and 12 D from the centre of the cylinder and 
upstream of cylinder along the centre line of the 
wind tunnel. 
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The observations for the different sets of boundary 
layer thickness ranging from 0,47 D to 2. 2D have been 
taken. The boundary layer thickness has been varied either 
by variation of the free stream velocity or by variation 
in the roughness of wooden board far upstream from the 
model. The roughness of the board has been varied by 
using the mild steel rods on the board far .upstream from 
the model. The temperature of air has also been noted for 
each set of observations. 

2,5 Visualisation Technique; 

Visualisation of the flow in the present investigation 
has been carried out in the water fltime. Paint is used 
as visualisation media, Pirst, the bottom plate and cylinder 
are painted with different colours and immediately it is 
kept in water flume, and flow of water is allowed for a 
sufficient time ranging from 4 to 6 hours. During this 
time period, the movement of paint takes place leaving 
flow pattern. Generally two different colours were used, 
one far upstream of the cylinder and other near the junction 
of cylinder and plate around the cylinder. The far upstream 
colour moves with the flow of water towards the cylinder 
and then it is separated thus forming the line of separation 
on the bottom plate. The pattern of distribution of paint 
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near the junction gives the pattern of activities happened ■ 
inside the separation zone on the bottom plate* Ihe 
distribution of paint on the siirface of cylinder gives the 
flow pattern such as separation line on the cylinder. 

The visualisation of flow pattern has been detemined 
for different Froude numbers ranging from sub critical 
to supercritical flows. Temperature of water has also 
been noted in each case. After running the flow for 
nearly 6 hours, the model is taken out of the flume and 
kept for drying of paints. - The flow patterns are traced 
after the paint has been dried. 



CHAPTER III 


COMPIIATIOH OF DATA 

Th-is chapter deals with the compilation of 
experimental data. The method for correction of blockage 
effect on the data is presented. Methods of computing 
pressure coefficients, drag coefficients, shear velocity 
and vorticity p^ameters are presented. 

3 • Blockage Correction Factor ; 

The flow pattern around the model in the wind 
tunnel will generally differ from that for the protot^rpe 
in free stream (i.e. fluid of unlimited extent). There 
are many tunnel interference effects due to the limited 
cross-section of the tunnel and also due to blocking of 
available cross-section due to model. In order to avoid 
this blockage effect , blockage correction has to be carried 
out for all the experimental data. This correction is 
usually carried out by introducing 'Blocktige Correction 
Factor'. There are two types of blockage interference 
namely ; 

(a) Solid blockage- involving a change of axial velocity 
past the model,^. owing to its partially blocking the 
flow in the presence of boundary constraints. 
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(b) Wake blockage - a similar effect due to the reduction 
of speed within the wake of the model. 

If Up corresponds to the free stream sp^ed (taken to 
be the speed in the tunnel at the position of the model) 
and Uqi is the tunnel speed, then due to solid blockage 
effect : 


Oj, = D-J ( 1 + (3.1) 

where S^^is blockage correction factor. 

In particular, the effect of blockage is to increase 
the pressure coefficients and drag coefficients from their 
actual values in free air. Several investigators have 
studied the effect of blockage. In the present investigation 
carried out in the wind-tunnel » the following blockage correction 
factor investigated by O.P.S. Rana (15 ) has been used, 
to correct pressure coefficients : 


= ( 1 


D 

B 


1.35 


(3.2) 


where D is the diameter of cylinder, and B is the width 
of the tunnel. In the present case B = 40 cm, D = 5.0 cm, 
thus, Sg equals to 0.855, 
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Blockage corr'ection factor has been used equal to 0.835 to 
correct measured pressure coefficients in this thesis. 

This value seems to be high, 15 estimate the correct 
blockage correction factor method suggested by Pankhurst is 
followed. Solid blockage correction is given for model 

extending from, floor to the roof as 

d 2 

0 , = 'll /^ (=. ) (Pankhurst ) 

sb p b ' 

where 'Z = 0.822, 2= 1.0 for circular cylinder, 

12 

'd' is diameter of cylinder and ’b * is width of the wind 
tunnel. With d = 5.0 cm and b = 4-0 cm, works out to 

be, 

= 0.01284-3 

Yv’ake blockage correction factor according to Pankhurst is, 

_ 1 d 

®wb - 4 -“ ^ 

where Oj^ij is the measured drag coefficient. 

Here, forai drag coefficient obtained from the surface 
pressure distribution is used as Opjip value. Table 3«"1 
shows the computation of blockage correction factor,- 



■TABLE 3.1 : 


GOICPUTATIOE OE BLOOKAG-E OORRBGTIOE EAGTOR 


0 

T 

Gd 

'^DT 

o 

"^wb 

'b~^sb e 

^wb 


0 

"cp 

0.47 

0.890 

1 .066 

0.0333 

0.0461 

0.9078 

1 .087 

0.85 

0.724 

0.867 

0.0271 

0.0399 

0.9202 

1 .102 

0.97 

0.813 

0.974 

0.03044 

0.0433 

0.9154 

1.1457 

1.03 

0.846 

1 .01 3 

0.03166 

0.0445 

0.9110 

1 . 1 44 

1 .46 

0.746 

0.893 

0.02791 

0.0407 

0 . 91 86 

1 .149 

2.20 

0.698 

0.836 

0.02610 

0.0389 

0.9220 

1 .151 

In 'Table 3.1, 

various 

notations 

used are, 




Ojj = average value of drag coeffioient corrected for 3g=0.835 

measured drag coefficient without applying any correction 

wake blockage correction factor applied to the tunnel 
velocity 

9 n = solid blockage correction factor applied to the tunnel 
° velocity 

S|^ = total blockage correction factor applied to the tunnel 
velocity 

3g = block^e correction factor to be applied to the pressure 
coefficients. 

e = correction needed to be applied to the pressure coefficient 
corrected for 9g = 0,855. 

The values of correction factor (0^^. ) given in the last 
column of Table 3.1 should be multiplied to the pressure 
coefficients and drag coefficients (corrected for Sg = 0.855) 

to get correct values of C and Gt^* 

y 
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5*2 Coeff icient of Pressure (C^) 

The pressures measured by manometers are reduced 
to the pressure coefficients (Cp), which ar 2 defined as 

(3.3) 


P - P 


®P = 


o 


4“? u: 


where P is the pressure at the point in the model, P^ is 
a reference pressure measured far upstream of the model, 

Uq is the free stream velocity and ^ is the density of air^ 


In the present investigation, the pressure coefficients 
have been calculated with respect to the reference pressure 
measured at a distance of 80 cm from the centre of model. 
Equation (3.3) gives pressure coefficients without correcting 
for blockage. Using the blockage correction factor as 
given in equation (3.2), the pressure coefficients are 
corrected as 

Cp = Sg % (5.4) 

where 0^ is the pressure coefficient as given by equation 
.( 3 . 3 ) and Op is the corrected pressure coefficient. For 
further analysis such as calculation of drag coefficients, 
the corrected Op will be used. 
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3 . 3 Form Drag 0(Seff icient^ (Q-n) : 

From the corrected pressure coefficients, the local 

form drag coefficients along the height of cylinder are 

calculated, using the following relation: 

180 

Gf, = / 0 Gos e d0 (3.6) 

0 ^ 

The average drag coefficient has been calculated 
integrating the local drag coefficients over the height of 
the cylinder , 

1 H 

^j) ~ f G-p. dz 

D H 0 ^ 

_ 1 Hi 80 

“ V IS G^ Gos 9 de dz (3.7) 

^00 P 

In the present case, the drag coefficients are 
averaged upto H = 4.8 D, 

3 . 4 Velocity Profiles and Shear Telocity (Y») i 

The dynamic head h^, which is the difference between 
total head measured by total head tube and wind tunnel 
static pressure, is recorded in. .toimis of inches of water on 
a manometer. The velocity of the flow may be converted 
using usual conversion method, which is simplified as 

u (m/sec )= 20,162 fh^ 
where h^ is in inches of water. 


(3.8) 



The shear velocity Y* (= where ^ ^ is the 

bed shear stress ) is calculated assuming the logarithmic 
velocity distribution namely, 
u 

= =_ In y + constant (3.9) 

where y is ordinate measured from th.e bed, X is Karman's 
constant taken, equal to 0.4. 


3 . 5 Yortices - 

/ 


The lateral vortioity 


Jl y can be defined as, 


SI 


1 bu 
“ ( 

2 02 


dw 

0x 


) 


( 3 . 10 ) 


Tor upstream of the model where acceleration of the flow 
has not started due to cylinder, the transverse velocity 'vi' 
is considered small in comparison to u. Also is 

small quantity in comparison to bu/bz , the above expression 
is approximated as , 


a 


1 


1 0U 

2 dz 


(3.11) 


Non-dimensionalising the vorticity given by equation 
(3.11), using boundary layer thickness (6) and shear velocity 
, one can get 



6 0u 
Y^ 02 



6 0u 


(3.12) 
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where/^* is non-dimensionalised ' lateral vorticity. 
r™ ^ 6 du 

mus, the vorticity component ^ •-^r- h.as been analysed 

V* oz 

from the velocity distribution. 


Ihe average vorticity has been calculated integrating 
the velocity gradients over the boundary layer thickness (6) 
as given below, 



ave 


6 6 du 

— / — dz 

0 dz 


(3.15) 


Ihe velocity distribution measured at = 5.0 , upstream 
of the model, has been used for the analysis of vorticity 
in the upstream boundary layer flow. 


3.6 Plow Visualisation: 

^or the flow visualisation experiments, the flow 
conditions are expressed in the form of following parameters: 

(a) Depth of water ratio 

(b) Froude number 

(c) Reynolds number 

(d) Submerged conditions, 

where h is depth of flow, D is diameter of the cylinder, 
is the average velocity of the flow, ')] is kinematic 
viscosity of the fluid. 


h/D 

u 


ave 


Uave • ^ 
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From the flow patterns obtained by paint impression, 
following features are observed and then analysed in the 
Chapter IV. 

(a) Separation line on the plate 

(b ) Separation line along the height of cylinder 
(c ) Vortex pattern in the separating zone on 

the plate 

(d) Spacing of streaklines observed on the plate 
at upstream. 
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RESUITS AND DISCUSSIONS 

4 . 1 Ueneral : 

This chapter deals with the analysis of results 
such as flow visualisation, pressure distributions, and 
drag-characteristics of a cylinder. Firstly, the flow 
pattern obtained by the paint impression technique has been 
analysed. With this analysis as a background, the pressure 
distribution in the separating region has been analysed. 

Flow Visualisation: 

Flow patterns by paint impression method in the 
water flume are obtained for different flow conditions. 

The sketches of flow patterns for Froude numbers F^ = 0.1 43 
and 1.31 are shown in Figs. 4.1 (a), (b). The photographs of 
the flow patterns for Froude numbers F^, = 0,1 43 , • 0. 322 and 
1.31 are also shown in the Figs. 4.2(a), (b), (c). 

4 . 2.1 Flow Pattern on the Plate : 

Regular streak lines of paints are observed on 

the plate. The average spacing and standard deviation i'- 

.„.,h 

of spacing of ■streak-lines are given in Table 4.1 for u 

different flow conditions. The streaklines clearly indicate 

the zone of front stagnation and zone of separation occuring 
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due to cylinder mounted on the plate. Inside the separating 
region a number of lines indicating the number of vortices 
(horse-shoe vortices) are also seen, Ihe streamlines close 
systematically in the downstream of the cylinder inside 
the separating zone, The vortices wrap the cylinder on 
the plate and merge at one point d/s of cylinder shown by 
the dark portion in Figs.^-.l (a) , (b ) , Thus the streaklines 
inside the separating region on the plate obtained by paint 
impression, generally indicate two main vortices of the 
reverse flow t3rpe and two small vortices of opposite sign 
to the main ones, one between the main ones and the other 
deep in the junction (corner vortex). 

The separation lines on the plate are superposed 
for different flow conditions as shown in Fig, 4.3 . S’or 
-supcrcritieal flows , the separating lines do not tend to 
turn towards the cylinder at the downstream side. For 
subcritical flows, the separating lines tends to turn 
to^wards the cylinder at downstream for fully submerged flow , 
conditions. But, for partially submerged subcritical flow 
(F^ = 0.322) conditions, complete closure of the separation 
line ;|.ust behind the cylinder is observed. In this case 
free surface effect is predominant and complete closure 
effect is due to the plunging of vortex from the free-surface 
at the downstream end. 
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(b) Supercritical flows 


FIG- 4-3 PAINT IMPRESSION OF SE PARATION LINES ON THE 
PLATE FOR DIFFERENT FLOW CONDITIONS 
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lised 


Ihe separating line on. the plate is non~dimensiona- 
a^o i where is the radial distance measured 


from the centre of cylinder at angle 0 with the direction 


of flow to the separating line and is the distance of 
the separation line at 6 = 0 from the centre of cylinder* 

Ihe ratio is plotted against 0 for different flow 

^ a0 

conditions as indicated in the index . 'Ihe plo-t of — 

v/s 0 for different ffroude numbers is shown in Fig. 4 . 4 (b), 
Prom the Pig. 4, 4 (b) one 0 an observe that fully submerged 
subcritical flows and supeucritical flow follow one 
pattern, whereas, for partially submerged subcritical flow, 
the curve deviates from the previous ones, 'Ihis is due to 
plunging of the vortex from the free surface at the down- 
stream face of the cylinder, Ihe scale b^/'^ is plotted 
against Reynolds numbers (^ave*^'^^ ^ flow. Proude 

numbers are also shown in paranthesos. In the subcritical 
range of Proude number, Sq/D decreases fairly with Reynolds 
number. 


4,2,2 P low Pattern on the Surface of the Cylinder: 


Pi.gures 4. 'Ua),(b)show the paint impression of the 
flow pattern on the surface of the cylinder. Ihe separation 
line starts just above the plate and continue upto the 
free surface depending upon the submerged conditions. Ihe 
stagnation line starting at some distance above the plate 



0g= Average separation angle 


u-8 V€ z/0 2-4 

(a) Separation angle along cylinder 



(b) Separation line on the plate 


o(Fr = 0*143) 


o(0-200) 

° (0-322) 


0(0*473) 


(1-31) o 


(1*467)0 


Vqv D ^ -|q3 
K«0= 9 ■ 

(c) Variation of Oq/D with Reo 

PfG.4-4 PLOT OF SEPARATION LINE ON THE PLATE WITH 0 
AND SEPARATION ANGLES ALONG THE CYLINDER 
WITH z/0 










at 0 “ 0 is observed, in all the cases. Occurrence of 
vortex centres located syrametrically about the centre 
line, downstream of the cylinder (near the separation 
line) is observed. These vortex centres occur near the 
corner. These vortex centres have also been identified 
from the pressure contour plots of the cylinder. 

The angles of separation line (0g) with respect 
to upstream stagnation line on the cylinder arc plotted 
against Z/l) for four flow conditions in Figs, 4.4(a), 

The value of 0^ vary from 75° to 94° as shown in the figure. 
The average se*paration angles, for cylinder are shown in 
Table for different flow conditions in Fig, 4, 4(b). The 
average separation angle (S'g) depends considerably on 
the submerged conditions and Froude numbers. Generally, 

8 g, increases with Froude number. But, there is signifi- 
cant increase of for the partially submerged subcriticflL 

O 

flow condition (63 = 86.9°). This is due to predominancy 
of free surface as discussed earlier. Table 4.1 show 
summary of flow visualisation observations, 

4.3 Fressure Distributions ? . 

From the data collected from wind tunnel a study 
on the pressure distributions for the plate and the surface 
of cylinder is carried out. The contours of constant 
pressures are plotted. The variation of pressure coefficients 
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on the plate and around the cylinder with angle 0 has also 
been analysed. Hie variation of pressure on the plate 
with r/h at angle 9 = 0 is shown, and this variation is 
related to the vortex pattern inside the separating zone 
on the plate. Similarly, the pressure contours on the 
surface of cylinder have also been related to the flow 
pattern on the surface of cylinder. Hie effect of 
boundary laydr on the pressure coefficients along the 
height of cylinder at angle 9 = 0, has also been analysed. 

Hie analysis of the results of pressure distributions is 
carried out in the following sections. 

4*3.1 Pressure Distributions on the Plate ; 

(■4) Pressure Ooefficiunt Contours i 

Piguros 4.5 (a) , (b), (c ) , (d) show the contours of pressure 
coefficients on the plate for different boundary layers. 

The following salient features are observed: 

(a) Intense pressure distribution within the separation 
region where the corner vortex (horse-shoe vortex 
bent around the cylinder) is observed, 

(b) Positive pressure distribution extends upto (+) 40 
to 50° on either side near the cylinder. 
iChu inaximum negative pressure coefficient occurs 
at 180° just behind the cylinder. 


(c) 




2.5 2 '/. 1'8 1 ; 

f- iow cl it "Cl 


fHP plate (6/D 
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(d ) The maximum positive pressure occurs at 0° at 

the corner. 

~ 0,47 the lowest pressure (maximum 
negative )occurs at 180° on the plate in the 
region extending upto X = -I.4D. 
i'his is the region of intense vortex behind the 
cylinder due to merging of incoming upstream 
vortices. 

^ ^ Va riati o n of P ressure Ooefficients with Angle 9: 

figures 4.6 (a), (b), (c), (d) show the pressure distribution 
in terms of Op with angle 9 for different r/D. following 
results are observed. 


(a) At 6 = 0, the pressures are maximum and decrease 
as 9 increases, and become more or less uniform 
after 9 > 90°. 

(b ) The zero pressures occur around to 40°* 

(c) The pressure coefficient Gp increases with 
dooroasing r/D (approaching the cylinder) at 0 = 

(d) Tho positive pressure region is within (+) 40 


from the centre line. • 

The plots of pressure coefficients against r/D at 
9 = 0, for different 5/D are shown in Pig. 4.7 . The 

variation of CL in. t%^;figur«P 0 = 0, indicates .systematic 
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FIG- 4*6 VARIATION OF PRESSURES WITH ANGLE 9 FOR PLATE 




cr.,st3 and troughs forming valleys which may be considered 
liG possible vortices present in the separating region* 

Phere 3XC cloarly visible valleys indicating three vortices. 
I’liu pri^orure increases graiually from the upstream till 
ehe first valley in Cp-curve occurs. This increase in 
pressure coefficient has one or two small valleys indicating 
possible vortices in this region. This may be observed in 
the photograph shown in Fig. 1.1 . Even with the presence 
of valleys, the pressure gradually increases as r/D 
decreases and shoots up near the corner (r/Dr;0.6). This 
typie of pressure distribution for 6/D = 0.47 for different 
fl ( 0 = 0 to 60° at 10° intervals) is shown in Fig. 4.8, 

The presence of throe vortices is clearly observed from 
this plot* The first major valley occurs at about 1.5 D 

♦ 

from the centre of cylinder. From paint impressions, the 
separating line occurs at around l/D =1.5. This indicates 
the possibility of separating line occuring around X/Dc^5l.6. 
In Fig. 4.7 possible positions of separation and reattach- 
munts of flow due to vorrices on the plate from Ref. (18 ) 
are shown for comparison of the vortex positioning. 

^•5.2 Press ure Distributiohs on the Surf ace_pf_ tJj^„.J3yl^^ 

^essure P ont ours ; 

Contours of constant pressures obtained from the 
surface pressure distribution for 6/D = 0.47, 1.05, 1.46,2.2 
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FlG-4*8 PRESSURE OISTRIBUTJON ON THE PLATE 
FOR DIFFERENT 6 FOR 6/0 = 0-47 




fjT', 3!iOwn t.i i’iits, 4.9(a), (b), (c), (d), Bie follO¥/ing results are 


observed from these contours : 

(a) 'Hie presstiro contours are gr£idually increasing 
at = 0 from the junction df the plate to 
aporoxi»;ately the edge of boundary layers, 

(e) Ihe* pressure above the boundary layer depth remains 

fairly constant at 0 =0 . 

(c) fho contour of aero pressure occurs around 9 = 40°. 

(d) The spacing of contours upto around 0 = 30° is 
large, which indicates the grcudual decrease in 
pressures, with 0 upto around 30°. In general, the 
spacing of contours decreases gradually from 9=0° 
to 0 = 70° or 80°, thus indicating that the rate of 
decrease of pressures increases with angle 9 upto 
70° or 80°, The separation line also occurs at 
angles between 70° and 80°, Thus, it is concluded 
that there is a rapid decrease in the pressures 
with 0 till the separation occurs. 

(e) There is a systematic pressure distribution observed 
from 0 « 0° to the possible separation line. In the 
separation zone , (after separation line), no systema- 
tic pressure distribution is observed. 

(f) lEhere are two regions of the lowest pressures aroxind 
80° within the boundary layer, indicating the possi- 
bility of vortex centre. The lowest vortex will be 
ocouring; ,t«»/'fKe''co.rher. Tliis is observed in all 



prossuro contours, The counter vortices within 
•jh'- boundaUj- layer are observed for all cases except 
o/i) 1,03. 'Ihe presence of corner vortex is also 
oDji^rved in flow visualisations, 

iO,so, fchc lowest pressure region occurs around 0=80^ 
at a height of 3.6 to 4»0 -0, This indicates the 
possible region of vortex shedding. Vortices are 
believed to shed at this height (9). 

(h) Pressure contours are lifted up around 80^ to 90 ° 
indicating that the vortex may be sucked up in the 
waliie, and minimum indicates the possible position 
at which the vortex shedding from the cylinder occurs. 

( 3 ) The Variation of Pressure Ooefficients with Angle 6 
around the Gyllnder: 

The coefficient of pressure is plotted against 
angle 0 for different Z/D values in the Pigs,4»10(a), (b ), (c) , (d) 
6/3 = 0.47, 1 . 03 , 1.46, 2.2, respectively. Pollowing points 
are noticed from these figures. 

(a) The positive pressure field occurs within + 40° and 
negative pressure field in the remaiiiing region, 

(b) In the positive pressure region pressure coefficient 
increases from the junction 01 the plate within the 
boundary layer and remains fairly constant outside the 

boundary layer* 
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(c) The minimtiia pressure coefficients occur between 70° 
to 80° where the region of separation begins. 

(d) 'The pressure decreases rapidly from 9 = 0° to 0=, 70-80°, 
and gradually pressure rocoyery takes place from 
9;3-70° to 100° and then remains fairly constant in 

the v/ake region ( 9 2 i 100°) , This variation can 
be seen for all the cases., 

(o) The dp curve shown as dotted line taken from Ref. (19) 
for subcritical Reynolds number in free stream is 
, superimposed on these curves. This curve agrees 
'• fairly in .the region 0 < 9 < 90^ tiut deviates considera- 
'’bly in the wake region. 

G ) Variation of Pressures Along the Height of the Gvlinder 
at 9 = 0 with Boundary Layer gffecti 

The pressure coefficients at 9 = 0 (Op^) are plotted 
against Z/6 for four boundary layers 6/D = 0.47, 0.82, 1.46> 

2.2, in Fig. 4. 11. It is observed that pressure coefficient 
CpQ increases gradually from. CpQ~0.4 ( near the junction of 
plate) to GpQ-X-O.S till the edge of boundary layer is reached, 
and remains fairly constant outside the boundary layer. This 
clearly indicates that the pressure recovery occurs within 
the boundary layer region. • 

‘^•4- Vortices in Upstream Boundary layer Flow: 

Considering wand as smpai q.uantities, in 

comparison to du/oz, .lateral vortic^ty -'"'^y is approximated as 


i 



VAwf'i^N OF PRESSURE COEFFICIENT AT 6*0 
(CptjAI-ONG THE HEIGHT OF CYLINDER w. r- TO 
B-L. THICKNESS 


'12 VARIATION OF AVERAGE DRAG C 
■ WITH PARAMETER (6 /D)‘(Uo/V#) 


(4,1 ) 


SL 


7 


1 iJu 

2 dz 


NorL-dimensionalisiTig the Torticity usir^ boundary layer 

thickness (6) and shear Telocity (T*) as 

6 6 du . . 

(4.2) 


2 A 


7 Y. 


6 


du 

dz 


6 6u 

Ihe Torticity component for x/D = 5.0 upstresm 

of the cylinder is plotted against Z/6 for four 6/D ratios 

ranging from 0.47 to 2.2 in 5'ig.4.13 • It may be obserred 

that there is a systematic variation in logarithmic zone 

Z 

between' 0*01 ^ — _< 0r2 following logarithmic distribution 

of jthe''Teio,ci,ty,:v namely 

6 ' du 16 , . . 

— — . whete 'iL = 0.4 (4.3) 

Y dz Z 

6 du 

The magnitude — — in the outer region (velocity defect 

V dz 

law) is very small and with large scatter. 


^ ka expression for vorticity distribution for the zone 

near the wall (Viscous zone), assuming that both turbulent 
and laminar shear stresses are present, can be written as 


T 


0 


IJ 


du o 9 du ^ 2 

da ^ 


(4.4) 


Don-dimensionalizing with 6 and V* and writing for vorticity, 
one can get following expression 


6 du 1 1 6 2 

dz 6'^^^ z? 

+ V 

where 6 = “tt- 





(4.5) 











Hiis e.’rpresslon simplifies as equation (4.3) for the logari- 
thrnio zone, where z /6 > 0 , 01 , 

4 * 4.1 Diatribution of Average Vbrtxcitv: 

6 . c)u 


The Torticity component - ~ is averaged over - 

the boundary layer thicioiess at x/D =5.0 and MiSlPOffB 

oan-'Ae ^adlt'tozi in tmnm of 
7 ^ m «»l it dooigaaf^ m vwtioity 


paifiMtKiatii 


For further analysis 



3 


U, 




3 pressure coefficient on the plate for 0=0 

I'j .'C; i . P 


from 0.6 to 2.4 is plotted 

til ,< ' ^ jj 

arameter (ry ^ ) in Fig, 4 . 1 4 (c.). The value of 

3 V# 

average 0^ is found to remain fairly constant with the 

^ 6 Un 

parameter -i- . The maximum pressure coefficient on the 
3 X 

plate at 9 = 0 which occurs near the corner ( at — = 0,6) is 

6 U ^ ^ 

plotted against the parameter '(~ Fig. 4, 14(b), It is 

3 5 Uo 

observed that tho mfiximum G,, fairly decreases with ^ . 

y . 1 ) 

The difference in pressure coefficient of trough arid crest 


(/alloy) , is a f unction of the strength of vortex. 'This 
difference for three valleys are given in Table 4.3 for 
difforunt — valuos. 2 ig ma^jnitudes of A^riP 

D TI» j, TJ . I”’ 

Cpj dec.roase with the parameter ^ ^ ^ ^p4 gives 

the increase of pressure near the corner is also given in 
the Table 4.5. Here /i Cp^ j A 0 p 2 J difference in 

pressure coefficients between crest and trough as shown in 

Fig, 4 . 7 . 
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4*5 liistfibutioii of Dras: Goefficient for the CyliMer ; ; 

First, local drag coefficients (Ojj) are ca].culated 
aloii;; the height of the cylinder and its variation along the * 

height is observed. Bien average drag coefficient Cjj is | 

A 'io V ' i 

analysed with the parameter % ^ ) • ' 

4.5.1 Variation of local Form Drag Coefficients (O p) ilong 
the Height of Cylinder: 

Ihe local form drag coefficient is plotted against ! 

z/B for different 6/D values in Fig. 4.15 . Ihe drag coefficient 
increases with z/D till the depth approximately equals the 

' I 

boundary layer thickness and then decreases gradually and 
remains fairly constant in the region outside boundary layer. i 

'Ihe sharp ci’est of the maximum Gtj is observed in lower values i 

of 6/D and gradual smoothening of crest takes place for large ^ 

6/D values. The magnitude of 0 -q in the region outside boundary i 

layer varies from 0.7 to 0.9 which is very much less in comparison 


to the drag coefficient of the cylinder held in the free-stream 
for corresponding range of Reynolds numbers. 


4.5.2 Average Value of Form Drag Coefficient: 


'Ihe fo.m drag coefficient (Ot^) averaged upto z/D = 4.8 

6 Uf 


is plotted against the parameter ^ ^ 4.12 , The 

magnitude of average drag coefficient (Gj)) decreases vlth tncrease 


6 IJo 

a,s shown in Fig. 4,12. 

D V* 



4.15 VARIATION OF LOCAL DRAO COEFFICIENTS 
along the height of CV.iilOER 
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Table 4.2 gives the summary of analysis of results 
of the investigation carried out in the wind tunnel. 

° Dd s G I i3g i_oji3 : 

Biscussion is focused on the vortices developed in 
the separating region in plate and on the cylinder. It is 
attempted to relate the strength of vortices to the pressure 
distribution on the plate. Ihe importance of the parameter 

6/B. Uq/ 7* , in the scour studies has been discussed. 

' 

^ ^ §j-ysngth_ of Jortices in Separating Region; 

Pressure distribution of potentia,! flow around 

circular cylinder will be a continuous rising curve from 
r 

Op = 0.0 at ““i= oo to Op = 1 at r/R = 1 , as can be seen 
from Eqn. 1.2. However, the pressure distribution on 
the plate at 0 = 0, from Pig. 4.7 is of a general rising 
curve but with a number of depressions or valleys along 
with it. Bach depression is due to the presence of vortex 
in the separating region. Assuming voi'ticies are of forced 
types, having crest with edge of the ':^ortex and through 
with the centre of the vortex, strength of each vortex 
must be proportional to the pressure difference between 
the crest and trough of a depression or a valley, in attempt 
to relate the strength of vortex with pressure difference 
is carried out below. 
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Pressure gradient in a forced vortex may be written as 
2 

1 dP Vn o 


f dr. 


(4.5) 


where Yq = tangential velocity of a forced vortex at 
radius, and w is the angular velocity. In a forced 
vortex, angular velocity can be considered constant. 

Hence, Eqn, 4,5 can he integrated with limits r,,^ = 0 , 

P = P^ and r^ = r^^s ~ edge of the vortex, P = P^, one gets 




2 2 


2 

Introducing ' f as strength of a forced vortex as 


(4.6) 


27c 


(r.n^) 


(4.7) 



pressure co-efficient between edge and centre of the vortex. 
Pressure co-efficient difference ,Gpj>_o only to the 

centre ' . and edge of the vortex, which is above the plate 
in separating region. The presence of a vortex near the 
plate can also cause similar pressure depressions as 
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predicted by Sqn. 4.6. Representing O' and S' as the 
corresponding points to 0 and 3 of the vortex, distance OG 
“ Substituting r\jf 




Pt-. - "B ’ 

and = Y2 r^-p. for P = P-j!, , pressure difference 


■ 3 
Py-Pp 

can be shown equal to ^ 


. Talley in distribution 
measured on the plate is considered to represent the 
pressure difference between the centre and edge of the 
vortex. Prom Pig. 4.7 , valley A a. . 3 is considered as 
Vortex V^ , Valley 3 c 0 as- vortex V 2 and Valley 0 c D as 
vortex V-j. The mean difference in pressure coefficients 
between the crests and trough* is denoted by C!pj;-S 
non-dimensional diameter df the vortex 2r^2/3, are measured 
from Pig. 4.7 and listed in the table below. Strength of 

r'f 

vortex — — IS computed from Sqn. 4.8 and velocity V9B 
TtDUo 

at the edge of the vortex from Sqn. 4.5 as 


J'es 
n 


^ ) 
^ 2r, 


( 4 . 9 ) ' 


-o ^0 

and are listed in the fable 4.0 shown below. 
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7A3IiE 4.0 : D3TAIIS 0? YOROSX STREIJ&TH GOlTOMIORS 



Vertex 
(A a B) 

6 

iT 

Vertex Yr 
(3 b G)"" 
SUo 

— 0 . 47 f 

■L''* 

, Vortex V, 

(0 c B)' 

= 12-.17 

^PS-C 

0.2 

0.07 

0.04 

2r»g 

0.5 

0.2 

0.2 

D 





0.234 

0.053 

0.04 

ttBUq 




9^ 

0.407 

0.40 

0.2 





0 

6 




’^‘-Kssajn.jjse ^ 

B 

-0.82 , = 

19.50 

Op3_G 

■ 0.165 

0.16 

0.05 

2r*B 

0.3 

0.5 

0. 2 






0.1 22 

0.20 

0.045 





lii. 

0,407 

0.40 

0.223 

uT” 




0 

6 

6U^ 



“d 

-1.46, - 

46.02 

OpE-G 

0.09 

0.105 

0.04 

2r»E 





0.5 

0.3 

0.2 


0.15 

0.097 

0.04 

7i:I)Uj 




Ib. 

0.30 

0.32 

0.2 

Uq 





contd 



xa,uie 4.0 contd... 
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Yortex 
(A a B) 

Yortex Y 2 
(B b C) 

Yortex Y'^ 
(G c D) 


6 

7 = 

2.2 , - f - = 85.26 


^PE- C 

0.07 

0.075 

0 . 01 , 

D 

0.2 

0.5 

0.2 


0.055 

— 

♦ 

0 

0.02 


0.266 

Q.274 

0.1 


1 



^rom the above table, it may be o .served streiigth of 
vortex and vortex will be of significant in 
magni'jude in comparasion to vortex Ihe velocity Yqjj 

at the edge of vortex is found to be considerable (ordbr of 




! 

i 


0.4 Uq) for small values of 6 /TJ and for larger values of 

o/O, V 0 is order of 0.26 Uq. 

4.6.2 Tortices on the Su~;fac e of Ovlinder: 

The pressure recovers gradually within the boundary 
layer thickness and then become more or less uniform outside 
the boundary layer as shown in the plot of pressure coefficient 
against a /6 at 0=0° in j^ig. 4.11. Also, there is no visible 
troughs and crests in the pressure distribution on the cylinder 
near the plate at 0=0°. It follows that at 9 = 0 , there 
is possibility of absence of vortices on the cylinder. Erom 
the plots of pressure contours in the Eig.4.9 one or two 
regions of lowest pressure are found near the junction around 
70-80^. 'These aones of the lowest pressures coincide with 
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tlie oboerved ■'/ortices in the paint impressions, Eiis 
occurrence of vortices on both sides of the cylinder is due 
to corner vortex. 

Mother region of lowest pressure is also found at 
z/D = 5.6 to 4.0 around 80*^, !Ilhe pressure contours are lifted 
up towards this region. Ihis indicates that vortices in the 
downstream side may be sucked up and shed in the wake at this 
height. Ihis was also observed by lestaushi Okamoto and 
• Miki Tagita (9). 

. ' ^ Uq 

4.6.5 Vorticity Parameter 35 • 



Phe strength of longitudinal vortex present in the 

boundairy layer upstream of the cylinder is related to the vorticity 
6 TT 

paraneter ^ . Since this longitudinal vortex wraps around 

the cylinder in the corner, these vortices will be the cause 
foi’ the possible scour occurrence on the erodible beds. For 
the fully developed uniform flow in open channels, can 

be replaced by the 'dcjpth of flow 'h' , 7 ^ by YghS whore S 


is 01102 

:g;y slope. 

Prom this s\.ibstitution, the psraaneter 


6 TJo 

5" ■ “ 

simplifies 

h P;c 

as — — where is Proude number 

g a fs ^ 

of 

flow 

3fined .as 

, == . The energy slope (S) can 

r#~ 

be 

■writtei 

:i from tli'j 1, 

he manning's equslion. 



fs = 

Vg "TT. 

2) 
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where n is 'inamiings roughness coefficient'. Substituting 

for S in Yorticity parameter, it simplifies as , 

j/6 

6 Uq h h ^ 

i) " '7 W “T *T yJ” 

I'he mannings roughness coefficient (n) can be related to the 
median size of sediment on coarse sediment bed, as 


where d^Q is the median size of sediment. 

Rewriting the vorticity parameter in terms of 'di^Q , 




(i 

So 


( 4 . 15 ) 


whore is a constant, 

The equilibrium depth of scour in clear water shown by 
Laursen ( 4 ) is to be function of depth of flow and 
dimension of the pier and independent of Rroudo number. 

The present vortex parameter also substaintiates towards 
this understanding. 



78 (b ) 


She distance of. separation line on the plate from the 

centre of cylinder for 0 = 0° varies from 1.2 to 1.6 in che 

2 

range of Reynolds numbers Rgj^=10 to 10 in vvacer flume. 

Okamoto (10) investigation showed that a^/O is ai’ound 1.6. 

Belik (10) related the distance of sepsxration line from 
the centre of cylinder to the Reynolds numbers (R^p). 

According to his proposed relations, a^/B varies from 

A 5 

1.0 to 1.2 in the range of Reynolds number 10 . 

Belik 's relation underpredicts as per the present observations. 

'fhe average value of separation angle (0^) varies 
from 75° to 90° depending upon the flow conditions (Rgj^o::.10^) 
in water flume. This can be compared with the location of', 
laminar separation point (Rgj) = 10 -10 ) in a two dimensional 
cylinder held in a free stream which is at 0g = 80°-85°(2). 

Belik (1 ) obtained one valley in the pressure 
distribution on the x)late for 0 = 0° at r/Rtl-l •43 . 'Baus, 

he related this pj:essu 2 :'e distribution to the position of the 
vortex core at r/Ric;1.43. Sarohia and Young (18) investigated 
two major vortices of reverse flow type and two small vortices 
of opposite sitn to the main ones, one between the main ones and 
other deep in the junction. J.J. Cornish (3) reports the 
presence of two major vortices as can be seen in Big. 1.1a and 
1.1b, In the present investigation of pressure distribution 
on the plate at 9 - 0°, three major vortices are postulated. 
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T.y;La 4.1 : SiJ?4\iAR7 OF RISUMS OF FLOW VISUALISATION 


Biamoter of cylinder = 25 nim 



q> _^ave 

0.143 

0.200 

0.316 

0.322 

0.473 

1 .31 

1.467 

Flow 

R . = '*^ave 
en 

x105 

0 ' 

0 

0 

0.500 

0.610 

0,520 

0.950 

1 .48 

1 .45 

condi- 

tions 

h/D 

6.72 

5.600 

5.600 

3.920 

6.400 

1.78 

1.52 


Submerged 

conditions 

Ful.ly 

Fully 

Fiilly 

Partia- 

lly 

Fully 

Par- Parti a 

tia,lly lly 


Be 

— 1.640 1.480 1.220 1.460 1.380 1.640 1.46 


1.520 1.520 1.060 1.150 1.240 1.560 1,380 


9.700 4.600 8.500 5.750 8,300 5.700 4.700 ' 

0.383 0.184 0.340 0.150 0.332 0.148 0.188 | 

o-gCm’n) 0.175 0.052 0.157 0.056 0.113 0,079 0.089 

r /b 0.070 0.021 0.063 0.022 0.045 0.032 G.O36 

d 

Dititance of separa.tion line on the plate at 0=0° from 
the centre of cylinder 

Distc'iiice of 8 e-par at ion line o'xi the plate at 0 = 90 ° from 
■the centre of cylinder 

Average spacing of streaklines formed on the plate at I 

upstream of cylinder I 

Standard deviation of above streaklines. 



a^O • 



^20 

Results 
of Flow__ 

Patt- 3(21x11) 
ern 

i/B 
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x’ABL'i; 

4.2 : 3 

U:4uARr 0.? 

ANALYSIS Oi? 

WI,ND BA3?A 


•Jq (m/s) 

13.146 

6.533 

7.544 

8.788 

18.914 

19 . 53 ! 

F* (n/o) 

0.701 

0.259 

0.310 

0.326 

0.600 

0.511 

%)l/l>=5.0 

0.470 

0.850 

0.970 

1.030 

1.460 

2 . 20 c 

UqD 

''eD = f- 

0, 600 

0.220 

0.250 

\ 

0.290 

0.630 

0.645 

jc105 







1^65- 

0.284 

0.185 

0.244 

0.300 

0.920 

1 . 420 

» xIO^ 






f 

V*6 

x103 

1.100 

0.730 

1.000 

1 .100 

2.900 

3 . 700 ; 

S' 

6 Uq 

12.170 

21 , 440 

23.600 

27.800 

46 . 020 

83.260 

^ y^ave 
._^ 8u 

44.000 

93.100 

89.100 

107.600 

153.700 

306.900 

"t; 








0.870 

0.7 24 

0.81 3 

0.846 

0,746 

i 

0.698 

I 

I 

i 
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a?ABI*3 4.5 : Pl^SSlJRB OHiLRAOTliRIS TIGS 01 E-IE P MTS 
AT 9 =-■ 0° 


6 I;'. 

0 

D V-^ 

5 

G 

ffiiax 




12.17 ^ 

0.187 

0.609 

0.162 

0.244 

0.082 

19.50 

0.191 

0.500 

0.H5 

0.250 

0.178 

46,02 

0.155 

0. 41 1 

0.112 

0.112 

0.150 

85 26 

0,166 

0.557 

0.107 

0.056 

0.143 


A. 

0.525 

0.179 

0.150 

0.071 



(JHiPTER V 


OBSSR NATIONS, GOilGLaSIORS Am RSCOMEIDATIOMS 

Prom thu anf-‘lyBi <5 of flow pattern obtained by 
visualisation in water flume and the analysiD of boundary 
layer flow conducted in the wind tunnel, the following 
observations and conclusions rare- .drawn from the present 
investigation. 

5 • ^ Observations : 

, , ^ 

'VisualiaatiQn of Plow Pattern in Yfater Plume ; 

(a) Rig distance of separation line on the plate at 

X 

9 - 0, is around from the centre of 

cylinder. 

(b ) 'The occurrence of nixmber of lines in the separation 
region on the plate shows a number of vortioos. 

(c) The average separoution angle (6g) on the surface of 
cylinder varies from 75^ to 90 *^ depending upon the 
flow oonditions. In general, 9^ increases with 
increasing Proudo number end Reynolds number (RqT)) • 

(d) Plow patterns tre greatly affected by the submerged 
conditions. 

Pros cor o Distributions : 

(a) Prora i'ho pressure contours on the plate, the intense 

pressure distribution is observed inside the separation 
region. ' 
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(b) Tau pressure distribution on the plate at U = 0*^ 
ebo?/s a nimber of crests and troughs. 

(c) The wiuinium pressure coefficient on the siarface of 

cplindor occurs between 9 = 70® and 9 = The 

separation of flow on the surface of cylinder is 
also belie-ved to occur at this range of angles. 

(d) The gradual rocorery of pressure on the surface of 
cylinder at 9 = 0 takes place inside the boundary 
layer thickness. 

(e) Prom the pressure contours on the surface of 
cylinder, occurrence of vortices behind the cylinder 
is observed. These vortices are sucked up and 
supposed to be shed in the wake at the height of 
z/l) = 3.6 to 4.0, where the concentration of 
vortices is observed by the low pressures. 

5 2 Oonclusions : 

(1 ) 'The lateral . vortices in the upstream boundary 

% 

layer f3.0’w between 0.01 < z/6 <0.2 are found to follow 

logarithmic velocity dis'Cribution. 'The average of the 

upstream lateral vorticity is function , 

b Uo 

of the parameter — ' — - * 

(2) In the present investigation, three-major vortices 

are found to be present from the pressure distribution 
in the separation region on the plate at the front of 


oyltMer, ’Hie strength of these vortices (horse-shoe 

.1 

voi'ticoa) oocuring inside the separation region on the 
plate can be related to the pressure distribution on 
the plate. Hie strength of vortices is ■ proportional 
to the square root of difference in pressure coeffi- 
cients betwaen centre and edge of vortices. Since 
presBuro distribution on the plate is function of 
upstream boundary layer flow, therefore, the strength 
of vortices oocuring in the separation region can be 
related to the upstream average lateral . vorticity 
or upstream vorticity parameter , 

The gradual recovery of pressure coefficient with z/ 6 , 
on the surface of cylinder at 0 = 0 follows one distri- 
bution for all boundary layers. 

,Drag coefficient increases gradually along the height 

of cylinder 'from the plate till the edge of boundary 

layer sand then remains fairly constant outside the 

boundary,'' layer. ‘Hie smoothing of sharpTiess of crest 

of the maximum drag coefficient tal-tos place with 

iriC2:easing boundary layer thiclmoss. The average form 

6 TJo 

drjog coefficient decreases v/ith the parameter ^ . 

The vorticity parameter otr which is equivalent 

h ' * 

to ^ — in uniform open channel flows, can be well 

D Ys 

related to the equilibrium scour depth oocuring 


due to liorse-shoe vortices 
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5 * 3 ?too»)T.i!iic.ridatioa3 for Future Studios? 

if'or fur’jhu:* stadies, it Is suggested to investigate 
the flow charaoteriatios past the cylinder making model of 
scour hole around the cylinder. It will bo very interesting 
to investigate the distributions of pressures and vortices 
inside the scour hole. It will also be suggested to conduct 
same investigation on the mobile bed, so that mechanism of 
scour can be well related to the horse-shoe vortices. 
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